C o m m e n t a r y8
Hepatitis B virus (HBV) is a major human health problem, with more than 240 million people chronically infected with the virus worldwide and at least 780,000 people dying each year from HBV-related liver diseases such as cirrhosis and liver cancer (1) . There is no known cure for chronic HBV (CHB) infection, and the preventative vaccines that are currently in use have no impact on existing infections. Knowledge about the molecular pathogenesis of CHB has come largely from animal model studies; however, matching clinical data on CHB etiology and progression are lacking.
In this issue, Zhang and colleagues used sensitive ISH technology to selectively detect HBV nucleic acids (DNA and RNA) and associated antigens in the liver tissue of Chinese patients with CHB (HBV genotype C) (2) . Using this approach, the authors have confirmed and extended earlier seminal studies of duck HBV (DHBV) (3) and HBV (4, 5) that revealed an intracellular mismatch between hepadnavirus DNA replication and hepatitis B surface antigen (HBsAg) production. Zhang et al. developed novel molecular diagnostic tools for examining HBV DNA (covalently closed circular DNA [cccDNA] and protein-free relaxed circular DNA [rcDNA]), RNA, and protein in the same liver section. This study has demonstrated that the HBV nuclear genetic reservoir in humans consists of a population of protein-free cccDNA and rcDNA molecules, confirming the findings of previous studies done in hepatoma cell lines (6) . In addition, the selective nature of the probe sets and the appropriate use of DNase and RNase to validate the nucleic acid population under investigation enabled Zhang and colleagues to comprehensively analyze HBV replicative intermediates and antigen production in the same cell (2) . The observed disconnect between HBV DNA and RNA and HBsAg expression in the liver supports earlier studies showing that high levels of HBsAg were associated with very low levels of cccDNA (or RNA), and vice versa. This observation further supports the findings of Summers et al., who showed that higher levels of cccDNA are produced in the liver of primary duck hepatocytes infected with a DHBV mutant defective for envelope proteins (3) .
A mismatch between HBV antigen production and transcription
The data presented by Zhang et al. (2) suggest that HBsAg regulates cccDNA levels via a negative feedback model that is similar to that first proposed by Tuttleman and colleagues in 1986 (7), whereby high levels of envelope antigen production blocks further cccDNA synthesis. However, if this model is correct, the threshold of HBsAg (or cccDNA) that is required to initiate and regulate such negative feedback is unclear. Additionally, Zhang and colleagues identified a similar mismatch between antigen production and HBV RNA, which is also important, as measuring the abundance of cccDNA alone cannot provide an accurate assessment of transcriptional activity. HBV cccDNA exists as a minichromosome, and the transcriptional activity of cccDNA is determined by histone acetylation and methylation status and is also regulated by the HBV antigen, HBx protein (8) . A better understanding of the direct contribution of cccDNA (and the HBx protein) to HBV antigen production is important, as it is currently thought that rendering cccDNA transcriptionally inert (such as through locking up the minichromosome by hyperchromatination) may result in a functional cure (9) . The development of such strategies to block cccDNA transcription is a major area of study; however, knowledge of the factors that regulate cccDNA transcription and the direct contribution of cccDNA to antigen production in human HBV infection is limited. Zhang et al. have shown that cccDNA persists in liver tissue, even in patients given a year-long course of antiviral therapy, which typically eliminates active viral replication. Interestingly, treatment did reduce cccDNA levels, most likely due to a decrease of cccDNA replenishment via inhibition of the intracellular conversion pathway (ref. While not required for productive HBV replication, the HBeAg is required for the establishment of persistent infection, and it is well recognized that mutations in the HBV genome associated with long-term persistence alter the balance between pgRNA and pcRNA. For examnomic RNA (pgRNA). Probe set 1 will also detect the 3.5-kb precore mRNA (pcRNA), which is approximately 30 nucleotides longer than pgRNA at the N-terminus and shares the identical probe sequence. The pcRNA encodes the precore protein that is subsequently processed into intracellular p22 protein and then secreted as hepati- (10) . Continued production of HBsAg during therapy is strongly associated with disease progression and liver cancer, indicating that a greater understanding of factors that regulate cccDNA transcription and antigen expression is warranted (9). Zhang and colleagues have claimed that probe set 1 specifically detects prege- Following removal of the viral envelope and nucleocapsid (ii), viral rcDNA is transported to the nucleus, where it is converted to cccDNA (iii), which is the transcription template for all viral mRNAs (iv). pgRNA is transported to the cytoplasm, where it is encapsidated with HBV Pol and reverse transcribed to rcDNA (v). If mispriming occurs during this process, dslDNA is produced instead of rcDNA (vi). Virions encapsidating rcDNA become enveloped and are secreted from the cell as infectious virions (vii), or rcDNA and dslDNA may be transported to the nucleus (viii), where rcDNA is converted to cccDNA (ix) via the intracellular conversion pathway. The dslDNA may integrate into the host chromosome (x). HBsAg is synthesized from both the viral minichromosome-derived mRNA (xi) and from integrated HBV DNA (xii). The G1896A mutation introduces a premature stop codon and abrogates the production of HBeAg.
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C o m m e n t a r y 8 (2) . Moreover, these results emphasize that there is still much to be learned about this important pathogen. Perhaps it is also time to reconsider the accepted definitions of the phases of CHB, namely the so-called "immune-tolerant," "immune control," "low-replicative," and "high-replicative/HBeAg-negative" phases (21) . These broad-brush definitions are largely meaningless from a virological perspective, and a greater understanding of the complete viral life cycle (Figure 1 ) at both the single-cell level and in the context of the whole liver should lead to more individualized management approaches that would be guided by the viral replicative state, including cccDNA levels, transcriptional activity, and viral antigen load, rather than serum alanine aminotransferase levels.
in the setting of HBeAg-negative HBV is warranted, perhaps using inverse PCR (15) to quantify integrated DNA in conjunction with the branched DNA (bDNA) assay for cccDNA developed by Zhang et al. This type of analysis should also include testing for double-stranded linear DNA (dslDNA), which is generated as a consequence of mis-priming during viral replication (16) and is the precursor to DNA integration ( Figure  1) . Additionally, the possible contribution of spliced HBV variants, which have also been shown to promote dslDNA formation (17), should be investigated.
A new model of CHB
Zhang and colleagues have proposed a new model for the phases of CHB based on the HBV life cycle at the single-cell level (2) . This model suggests that HBV infection commences with an antigen-rich stage, followed by a DNA-rich stage, in which the relative proportion of DNA to viral antigens increases as virion production decreases. Decreased virion production then leads to what they term the "latent stage," which is dominated by episomal DNA (cccDNA) that is not transcriptionally active or integrated and concurs with an almost complete absence of viral protein production. To date, the term "latent" has rarely been applied in the context of HBV infection. While a large pool of transcriptionally silent cccDNA (or integrated DNA) in the absence of productive viral replication would seem to be a reasonable definition of latency in the context of HBV infection, it is questionable whether HBV infection is ever truly latent. The term is relevant for persons who have cleared the acute infection, only to see the virus reemerge during immunosuppressive therapy (18, 19) . Indeed, a major question for HBV investigators is whether HBV can ever be truly cured. Missing from the model proposed by Zhang et al. is the HBeAg-negative phase of chronic disease, which is characterized by productive viral replication in the absence of HBeAg. Indeed, the factors that trigger productive viral replication (and presumably cccDNA transcription) following the low-replicative phase of CHB's natural history in this setting are unresolved. While an understanding of HBV replication at the single-cell level is important, this model should be refined further to account for the metabolic zones within the liver (20) , where HBV replication ple, mutations in the HBV basal core promoter (BCP) at positions 1762 and 1764 reduce transcription of pcRNA, leading to a relative increase in the proportion of the pgRNA replicative template (12) . This may be important in the context of the study by Zhang et al., as BCP mutations are highly prevalent in genotype C infection and potentially impact the relative levels of pgRNA and pcRNA. The impact of the HBeAg and associated proteins on ccc-DNA, DNA, and RNA levels warrants further investigation. Specific quantification of pgRNA and pcRNA by real-time PCR in this context could also be considered.
Future directions
The study by Zhang et al. (2) was restricted to tissue collected from persons infected with HBV genotype C, and the authors have highlighted the need to design specific probe sets to enable similar studies of other HBV genotypes. The development of additional probe sets is important, as HBV's natural history, mode of transmission, disease progression, and response to therapy differ markedly across genotypes and subtypes (13) . HBV genotype C infection is almost exclusively transmitted at birth or shortly thereafter, meaning that the patients in the current study had been infected for most of their lives. Will there be a similar disconnect between cccDNA levels and antigen production in patients who acquired HBV in early childhood (African genotype A1), adolescence (Mediterranean genotype D3), or adulthood (North American genotype A2)?
It should be noted that, compared with HBeAg-positive patients, HBeAg-negative patients showed a trend toward higher levels of nuclear DNA than of cytoplasmic DNA (2). Although this difference failed to reach statistical significance, it is compelling when considered in the light of recent studies that have identified higher levels of integrated DNA in the setting of HBeAg-negative disease than in HBeAg-positive disease (14) . The mechanisms that underlie these differences are unclear and may simply reflect a longer duration of infection. Zhang and colleagues acknowledge that their probe set for detecting nuclear DNA cannot distinguish cccDNA from integrated DNA, suggesting the possibility that some of the nuclear DNA may have been of integrant origin. A larger study of cccDNA and integrated DNA
